The lethal(3)maLignant brain tumor [1(3)mbtl gene causes, when mutated, malignant growth of the adult optic neuroblasts and ganglion mother cells in the larval brain and imaginal disc overgrowth. Via overlapping deficiencies a genomic region of approximately 6.0 kb was identified, containing 1(3)mbt+ gene sequences. The 1(3)mbt+ gene encodes seven transcripts of 5.8 kb, 5.65 kb, 5.35 kb, 5.25 kb, 5.0 kb, 4.4 kb and 1.8 kb. The putative MBT163 protein, encompassing 1477 amino acids, is proline-rich and contains a novel zinc finger. In situ hybridizations of whole mount embryos and larval tissues revealed 1(3/mbt+ RNA ubiquitously present in stage I embryos and throughout embryonic development in most tissues. In third instar larvae l(3)mbP RNA is detected in the adult optic anlagen and the imaginal discs, the tissues directly affected by l(3)mbt mutations, but also in tissues, showing normal development in the mutant, such as the gut, the goblet cells and the hematopoietic organs.
Introduction
About 27 Drosophila tumor suppressor genes, whose wild-type products are required for developmental processes and cell differentiation, were identified by their mutant phenotype characterized by malignant growth of specific tissues (Gateff, 1978; Gateff and Mechler, 1989; Gateff, 1994) . One of these tumor suppressor genes is the let~al (3) is temperature-sensitive and shows at the re-strictive temperature of 29°C an invasive and lethal brain tumor and imaginal disc overgrowth (Gateff, 1982) . Temperature shift up and down experiments with this allele revealed that the first 6 h of embryonic life are essential for tumor suppression (Gateff et al., 1993) . Besides the temperature-sensitive allele l(3)mbP' two further alleles were isolated (Liiffler, 1988) ; the EMS induced 1(3)mbtE2 allele and the P-element insertional allele De~ciency(3R)malignant brain turnoF (Df(3R) mbtP] which contains a 29 kb deletion. The deletion and the flanking sequences spanning 52 kb were cloned by chromosomal walking in a wild-type genomic Canton S library (Gateff et al., 1993) .
In this paper we present the identification of the 1(3)mbt+ gene with the help of overlapping deletions. Germ line transformation experiments showed the capacity of a 6.8 kb genomic fragment to rescue the tumorous phenotype. The developmental expression of the 1(3)mbt+ gene was analyzed in Northern blots and, in situ, on whole-mount embryos and larval tissues. The sequence of the 1(3)mbt+ gene is presented. It encodes a putative proline-rich protein of 1477 amino acids with a novel zinc finger. 0925 .4773/95/$09x50 0 1995 EL -.evier Science Ireland Ltd. All rights reserved SSDl 09254773 (95)0043 I-Y
Results

Identification of the 1(3)mbt+ gene
To identify the 1(3)mbt+ gene within the 52 kb genomic walk in the polytene chromosome bands 97F3-11 (Gateff et al., 1993) , we performed Southern-blot analyses with the two EMS induced alleles l (3) mbP ' and l(3) mbt". No significant differences in the DNA banding pattern could be detected between the two mutant alleles and the wild-type controls (data not shown). To obtain additional informative l(3)mbt alleles we carried out an extensive P-1acW insertional mutagenesis. Twelve mutant strains, which did not complement the deficiency Df(3R)mbtP were isolated. However, none of the 12 mutant P-1acW insertional strains proved to be l(3)mbt alleles. Therefore, in order to delimit the 1(3)mbt+ gene region via deletions, we performed an excision mutagenesis using the 12 P-1acW insertional strains. Caused by the imprecise excision of the P-transposons 11 embryonic lethal deficiency strains were generated (Table 1) . Six of these deficiency strains did complement l(3)mbP' at 29"C, while the other five did not and showed brain tumors in the heterozygous state (Table 1 ). The deletion breakpoints of all strains were identified by Southern blot analyses (data not shown). The smallest deficiency, including 1(3)mbt+ sequences, is Df(3R)mbtPE4 (Fig. 1A) . The deficiency Df(3R)woce5 (Fig. IA) , which complements 1(3)mb@, delimit the 1(3)mbt+ gene region in centromeric direction. A comparison of the deletion breakpoints of the above two deficiencies revealed a region of approximately 6.0 kb containing 1(3)mbt+ sequences (Fig. 1A ).
cDNA analysis
Previous studies with the temperature-sensitive f(3)mbt allele showed that the first 6 h of embryonic life are essential for tumor suppression (Gateff et al., 1993) . Therefore, we screened two embryonic cDNA libraries (O-3 h, 4-8 h) . Two cDNAs designated as cDNA 14 (2.0 kb) and Table 1 Complementation analysis and heterozygous phenotype of embryonic lethal deficiencies, derived from the P-lacW excision mutagenesis. cDNA R2 (2.1 kb) were isolated from the O-3 h cDNA library and 6 cDNAs were isolated from the 4-8 h cDNA library (M3-M8). One of these cDNAs, designated as cDNA M3, proved to be nearly full length (Fig. 1D ). Restriction and sequence analyses of the cDNAs 14, R2 and M3 suggested, that these three cDNAs represent the same transcript (Fig. lD,E ).
Germ line transformation
The successful P-element mediated germ line transformation of a mutant phenotype represents the final prove for the cloning of a gene (Rubin and Spradling, 1982) . Based on the 1(3)mbt+ sequence data (see below, Fig. 4 ) we chose a 6.8 kb BarnHI-Sac11 genomic fragment of the 1(3)mbt+ gene region (Fig. 1C) which was cloned into the transformation vector pHS85 (Sass, 1990) . In all five transformant l(3)mbP' lines we observed complete rescue of the mutant phenotype. The homozygous larvae, containing the vector, show normal development of the brain, pupate like wild-type and viable fertile adults hatch. This demonstrates unequivocally that the complete information for tumor suppression is contained in this 6.8 kb BamHI-Sac11 genomic fragment.
Developmental Northern analysis
The wild-type Northern analysis of the 1(3)mbt+ region revealed seven transcripts measuring 5.8 kb, 5.65 kb, 5.35 kb, 5.25 kb, 5.0 kb, 4.4 kb and 1.8 kb in size. These 1(3)mbt+ transcripts clearly show a stage specific pattern of expression (Fig. 2) .
In the early embryo (O-3 h) the 5.25 kb and 5.0 kb transcripts are expressed strongly, while the 5.8 kb and the 4.4 kb transcripts show very weak expression. In 3-6 h embryos we detect a 5.65 kb and a 5.35 kb transcript with comparatively low expression and sub-visible expression of the 5.0 kb and the 4.4 kb transcripts. Thereafter, during embryonic and larval life only the three transcripts 5.8 kb, 5.0 kb and 4.4 kb are present. The 5.8 kb transcript expression decreases after the first larval instar, while the 4.4 kb transcript increases during this stage. The three transcripts are nearly undetectable in the second and third larval instar if equal amounts of mRNA were loaded. Later on, in the pupa, a weak expression of the 5.8 kb, 5.0 kb and 4.4 kb transcripts is detectable, with the 4.4 kb transcript exhibiting comparatively the highest level of expression. In this stage an additional weakly expressed transcript of 1.8 kb is detectable. In the adult the expression of the 1(3)mbt+ transcripts is similar to that observed in the O-3 h old embryos ( Fig. 2A) . A comparison of male and female RNA expression clearly shows that this similarity is exclusively restricted to the female ( Fig. 2A) .
The homozygous I(3)mbP' early embryos revealed at the restrictive temperature of 29°C a quantitatively different expression pattern in comparison to that of wild-type embryos at 29°C and l (3) (Fig. 3A) and (ii) the absence of the 5.35 kb and 5.65 kb transcripts in 3-6 h mutant embryos (Fig. 4A) . The 5.8 kb transcript shows in O-3 h and 3-6 h mutant embryos an increased expression, while the 5.0 kb transcript expression in O-3 h mutant embryos is reduced when compared to that of wild-type (Fig. 3A) . For the 4.4 kb transcript no significant difference in the expression levels could be detected.
In homozygous L3 larvae deficient for approximately two thirds of the 1(3)mbt+ gene none of the large transcripts is detectable (not shown) demonstrating clearly that all these transcripts belong to the Z(3)mbt gene.
Nucleotide and amino acid sequence of the 1(3)mbt+ gene
In order to identify the genomic organization of the l(3)mbP gene, we sequenced the cDNAs R2, 14, M3 and the corresponding genomic region. The nearly full-length cDNA M3 (Fig. 1D ) starts 41 bp downstream of the predicted translation start (Fig. 6 , bold letters). The ATG, which we conclude to be the translation start, is preceded by CAAA, exhibiting 100% identity to the Drosophila translational consensus sequence (C/A, A, A, CIA; Cavener, 1987) .
In order to identify the transcription start, three PCRs with the primers 3 and 4, 2 and 4, and 1 and 4 respectively (Fig. 6, underlined) were performed. The fact that in the first two PCRs a product was obtained while no product could be identified with primers 1 and 4 indicated that the transcription start must be localized between primers 1 and 2. Via primer extension using primer 2* (Fig. 6 , underlined) the transcription start could be determined to an adenosine 357 bp upstream of the translation start and 29 bp downstream of the putative TATA box (Fig. 6, bold letters) .
A comparison of the cDNA sequences with the genomic sequence identifies a gene consisting of three exons and two introns (Figs. lE, 6 ). The 1(3)mbt+ se- quence, including the two introns of 769 bp and 69 bp is shown in Fig. 6 . The three exons yielded together 4968 bp. This sequence length added with a predicted poly(A)+ tail of 200 bp (Wahle, 1992 ) corresponds well to the 5.25 kb transcript (Figs. 2,3 ).
The three exons define an open reading frame of 443 1 bp and a putative protein of 1477 amino acids with a molecular weight of 163 kDa (Fig. 6) . A polyadenylation signal (Fig. 6 , bold letters, underlined), perfectly matching the consensus sequence AATAAA (Proudfoot and Brownlee, 1976) , was found 153 bp downstream of the stop codon (Fig. 6, asterisk) . The polyadenylation site is located 17 bp downstream of the polyadenylation signal ( Fig. 6 , bold letters, underlined).
The putative MBT163 protein is characterized by a high proline (9.3%), serine (8.8%) and lysine (8.6%) content. Proline is especially enriched (12%) within the N-terminal half. Among the first 200 N-terminal amino acids, a high proportion of hydrophobic amino acids can be discerned. Adjacent to this hydrophobic region, between amino acids 240 and 510, a lysine-rich region (15.5%) is found. A new motif consisting of 99-105 aa, preliminary called 'm&-repeat is present three times between amino acids 819 to 1133 (Fig. 6 boxed) . The Cterminal region is characterized by an amino acid sequence containing 36% aspartic acid. The secondary structure prediction for the putative MBT163 protein shows a protein consisting of 35% a-helices and 36% B-sheets, interspersed with coils and turns.
Homology searches on the nucleotide and amino acid level did not show any significant similarities with known genes or proteins. Searches for conserved motifs revealed a novel single zinc finger of the C,/C, type (Klug and Rhodes, 1987) ( Fig. 6 , boxed). This zinc finger is interrupted by the second intron. We conclude that the putative protein, encoded by the 5.25 kb 1(3)mbt+ transcript, is a novel protein which, based on its single zinc finger motif, may function as a transcription factor (see Section 3).
Wild-type and mutant in situ expression pattern of the l(3)mbt gene
We analyzed the .?(3)mbt expression during wild-type and mutant embryogenesis and larval life by in situ hybridization with digoxigenin-labeled cDNA 14 and cDNA R2 probes. Identical RNA expression patterns were observed with the two cDNA probes (data not shown). Fig.  7 represents a developmental succession of wild-type whole-mount embryos hybridized with cDNA 14 sense (left side) and antisense (right side) RNA. Already in stage 1 embryos (Campos-Ortega and Hartenstein, 1985) , l(3)mbP transcripts are equally distributed over the entire embryo ( Fig. 7A,B ). These transcripts are most probably of maternal origin (Gateff and Miyamoto, 1990; Fig. 2) .
During the following stages, 1(3)mbt+ RNA becomes concentrated in the plasma between the central yolk mass and the forming blastoderm cells (Fig. 7C,D) . The pole cells are devoid of any hybridization signal (Fig. 7C ,D insert). In early gastrula embryos a strong hybridization signal within the mesoderm is visible (not shown). Strong germ band and cephalic furrow staining is detectable during the entire period of germ band elongation. However, less intense staining is also exhibited by all remaining cells. This is shown, for example, in the stage 9 embryo (compare Fig. 7E,F) . During the following stage 10, prominent staining is observed in the neurogenic cephalic region (Fig. 7G,H) , which gives rise to the presumptive brain hemispheres. During all germ band retraction stages, 1(3)mbt+ RNA seems to be present in the entire embryo, excepting the amnioserosa and the midgut. Fig.  7J shows a stage 14 embryo exhibiting the above described expression pattern (compare Fig. 71 ). In stage 16 embryos, hybridization is clearly observed in the foregut and the hindgut (Fig. 7K,L) but not in the midgut. The epidermis, muscles and salivary glands show weak hybridization, while the brain hemispheres and the ventral cord revealed strong staining (data not shown). In stage 17 embryos the brain-ventral-ganglion complex continues to express strongly 1(3)mbt+ RNA (Fig. 7M,N) . The salivary glands and other structures in the head region still show a weak expression, while no hybridization signals can be detected over the gut anymore (Fig. 7M,N) .
In situ hybridization studies performed with l(3)mbP' mutant embryos (29°C) revealed similar expression patterns (data not shown).
Throughout the first and second larval instar the wildtype brain and ventral-ganglion is still expressing /(3)mbt+ mRNA (data not shown). During the third larval instar weak expression is found in the adult optic centers, while no expression can be detected in the ventralganglion (Fig. 8A) . Comparing the l(3)mbt expression in the mutant brain with that of the wild-type it becomes obvious that, as a consequence of the invasive malignant neuroblasts and ganglion-mother cells, the entire brain hemispheres are stained (compare Fig. 8A and B) . All third instar wild-type imaginal discs express strongly 1(3)mbt+ mRNA (Fig. 8C) . While in most wild-type imaginal discs 1(3)mbt+ expression is ubiquitous, in the wing-and haltere imaginal discs the thoracic precursor show weak staining (Fig. 8C, arrows) . The mutant overgrown imaginal discs, showing an abnormal epithelial folding pattern, exhibit strong 1(3fmbt+ mRNA expression (Fig. SD) .
In addition to the above two organ systems in all three larval stages of wild-type and mutant animals expression is found in the muscles, the gut and goblet cells, the fat body, the hematopoietic organs and the ring gland. None of these tissues becomes malignantly transformed in the mutant (Gateff et al., 1993 ).
Discussion
Drosophila larvae, homozygous for the temperaturesensitive l(3)mbP1 mutation, develop at the restrictive temperature of 29°C a malignant neuroblastoma in the larval brain and overgrown imaginal discs. The invasive brain tumor is composed of autonomously growing, differentiation-incompetent optic neuroblasts and ganglionmother cells (Gateff et al., 1993) .
In this paper we describe the cloning, the structure and the expression of the tumor suppressor gene 1(3)mbt+ during development.
Since the two initial EMS induced l(3)mbt alleles were not enough informative, we performed a P-1acW insertional mutagenesis in order to obtain new l(3)mbt alleles. However, among approximately 33 500 P-element insertional events no l(3)mbt allele was found. Besides the possibility that the 1(3)mbt+ gene is a cold spot for P-element insertions like for instance Adh (Engels, 1985) an explanation for the absence of lethal l(3)mbt P-element alleles could be that the EMS induced temperature-sensitive l(3)mbt mutation is a gain of function mutation and thus, P-element insertions would lead to a non-lethal phenotype, for which we did not screen. A similar situation was recently shown for the tumor suppressor gene lethal( I jmalignant bbad neoplasm (Shresta and Gateff, 19X2) , which was found to be an allele of the multi sex combs (mxc) gene (Santamaria and Randholt, 1995) . Among the seven mxc alleles three show the blood cell tumor phenotype, three develop viable adults with multi sex combs and the homozygous mutant larvae of the seventh allele die shortly after hatching from the egg. Since we found that 1(3)mbt+ is expressed throughout bryogenesis and later on again in the adult fly ( Fig. 2A) . The other transcripts show weak or no expression during this period. In 3-6 h embryos, but in no other developmental stage, a 5.35 kb and a 5.65 kb transcript is detected (Figs. 2C, 4A ). Previous shift up experiments with the temperature-sensitive allele l(3)mbr'"' showed that 1(3)mbt+ expression during the first 6 h of embryonic life is essential for tumor suppression (Gateff et al., 1993) . The 1(3)mbt+ transcripts detectable in wild-type O-3 h and 3-6 h embryos show in comparison to the expression pattern of homozygous 1(3)mb@ mutant embryos at 22°C and 29"C, that the 5.8 kb transcript level is significantly higher in the homozygous mutant embryos at 29°C while the 5.25 kb, 5.35 kb and 5.65 kb transcripts are nearly undetectable or missing. The different quantities of wildtype and 1(3)mbPJ transcripts may be due to splicing defects.
Since the shift up and down experiments indicate that a maternal effect may play a role in tumor suppression we favor the 5.25 kb transcript to be essential for tumor suppression because it is the only one being expressed exclusively in females and O-3 h embryos.
The sequence analysis revealed a gene structure consisting of 3 exons and 2 introns (Fig. IE) , which most probably corresponds to the 5.25 kb transcript. Up to now no cDNA clone representing an alternatively spliced transcript could be isolated, since only libraries from early embryos were screened.
Nucleotide and amino acid sequence homology searches did not reveal any significant similarities to known genes or proteins. Nevertheless, the possibility to find a 1(3)mbt+ homolog in mouse or man in the future has a realistic chance. The example of lethal(2)giant larvae (IgZ) showed that at the time of cloning and sequencing (Mechler et al., 1985; Jacob et al., 1987) no homolog was known. After a period of approximately 6 years a mouse homolog was isolated (mgl-Z, Tomotsune et al., 1993) . Recently, homologs to 5 further Drosophila tumor suppressor genes in man and other species were found (Watson and Bryant, 1993) .
Secondary structure analysis of the putative MBT163 protein showed besides the 'mbt-repeats' (Fig. 6, boxed) of unknown function only one well characterized motif, namely a single zinc finger of the C,/C, type (C-X2-CXi,-C-X,-C; Fig. 6 , boxed). Most zinc finger proteins contain at least 2 zinc fingers (Klug and Rhodes, 1987) . Nevertheless, a small number of regulatory proteins from Saccharomyces cerevisiae (Ireland et al., 1994) , Neurospora crassa (Fu and Marzluf, 1990) , Aspergillus nidulans (Kudla et al., 1990 ) and Drosophila melanogaster possess only a single zinc finger of the C&, type. In case of Drosophila it is the regulatory protein dGATAb (ABF; Abel et al., 1993) , which is a novel member of the GATA superfamily of transcriptional regulatory proteins, all of which recognize specifically the sequence '/,GATAA (Yamamoto et al., 1990; Winick et al., 1993) . No other homology than the four cysteins has been detected, when the MBT163 zinc finger sequence was compared to the consensus sequence CXNCXTXXTXLWRRNXXGXPXCNAC established for the zinc fingers of the GATA protein family. Moreover, no homology exists between the MBT163 zinc finger and the single zinc fingers found in the five yeast regulatory proteins GAL4, PPRl, ARGRII, LEU3 and LAC9 (Fu and Marzluf, 1990) . Characteristic for all single zinc finger proteins, including the putative MBT163 protein and the GATA superfamily of regulatory proteins, is a highly basic region immediately downstream of the zinc finger, encompassing approximately 30 amino acids, This basic region has been shown, for the yeast regulatory protein LAC9, to be essential for the DNA-binding specificity (Witte and Dickson, 1988) . Based on the above discussion, we propose that the putative single zinc finger protein MBT163 may represent a novel regulatory protein, belonging to a new family of transcription factors.
The fact that the zinc finger motif is interrupted by the second intron is interesting because it is a contradiction to the exon theory of genes (Gilbert, 1978) . On the other hand it fits with the results of Stoltzfus et al. (1994) who have tested the exon theory and found no significant correspondence between exons and units of protein structure.
In situ hybridization of in vitro transcribed RNA to whole-mount embryos and to larval tissues of different developmental stages revealed: (i) that 1(3)mbt+ is expressed in all embryonic and larval stages, (ii) that 1(3)mbt+ is expressed in the embryonic nervous system and larval brain as well as in the imaginal discs and a variety of other tissues, (iii) that the results of the shift experiments (Gateff et al., 1993; Gateff, unpublished data) correlate well with the results obtained in the in situ hybridizations.
The in situ hybridization to embryos of different developmental stages revealed ubiquitous staining (Fig. 7) , while the Northern analysis showed that the 1(3)mbt+ transcripts are expressed in a developmentally specific fashion. This contradiction is due to the fact that the staining of the embryos in situ represents the complexity of the transcription pattern and does not uncover developmental-or cell-specific expression of the individual transcripts. Only after characterization of the differentially spliced 1(3)mbt+ transcripts it will be possible to perform in situ hybridizations with probes specific for each of the transcripts and thus, proving the cell-and stage-specific expression of the individual transcripts.
Shift up experiments with the temperature-sensitive 1(3)mbtLY1 allele determined the first 6 h of embryonic life to be essential for brain tumor suppression (Gateff et al., 1993) . These experiments further showed that 1(3)mbt+ function is also needed thereafter for the proper development of the adult brain, the imaginal discs (Gateff, unpublished) and the female germ line (Gateff and Miyamoto, 1990 ). However, in the imaginal discs and the female germ line the loss of 1(3)mbt+ function does not cause malignant tumorous growth. Similar observations apply to all analyzed Drosophila tumor suppressor genes, which are not only expressed in the cells which become transformed upon the loss of gene function, but also in a variety of other cells and tissues which, however, do not become malignant (Mechler et al., 1989; Woods and Bryant, 1991) . The same is true for some human tumor suppressor genes, for instance the retinoblastoma gene which is also expressed ubiquitously (Wang et al., 1994) .
The in situ hybridization of cDNAs to wild-type preblastoderm embryos shows the presence of maternal l(3)mbt-t messages (Fig. 7B) . Temperature shift experiments during this time yielded in all l(3)mbP' homozygous larvae brain tumors and imaginal disc overgrowth. The above experiments allow the conclusion that the gene product(s) encoded by the wild-type maternal messages is(are) required for tumor suppression. The Northern blot experiments indicate, that the 5.0 kb and 5.25 kb transcripts detected in O-3 h embryos are of maternal origin. Both transcripts are expressed strongly in adult females while in males the 5.25 kb transcript is absent and the 5.0 kb transcript is expressed weakly. The comparison of the wild-type and mutant transcript expression in O-3 h embryos revealed that the 5.25 kb transcript is nearly absent in the mutant while the 5.0 kb transcript is still detectable, but at a lower level. Thus, we conclude that the 5.25 kb transcript is indispensable for tumor suppression.
The ubiquitous 1(3)mbt+ expression, observed in all embryonic stages, except stage 17, indicates that the 1(3)mbt+ gene must be involved also in additional functions besides tumor suppression. One of these functions concerns the developing brain, which becomes obvious from the shift up experiments during late embryogenesis and throughout first and second larval instar. During this period, strong 1(3)mbt+ expression was found in the embryonic and the larval nervous system.
The ubiquitous l(3)mbP expression, observed in the nervous system of young larvae, becomes restricted in third instar larval to the optic neuroblasts in the presumptive adult optic centers of the brain (Fig. 8A ). In the mutant brain, in contrast, staining is observed everywhere (Fig. 8B) , which is due to the malignant optic neuroblasts and ganglion-mother celIs invading all portions of the brain (Gateff et al., 1993) .
As shown in temperature shift experiments the 1(3)mbt+ tumor suppressive function decreases gradually during the first and second larval instar, although ubiquitous expression is found in the central nervous system of the young larvae. The 1(3)mbt+ tumor suppressive function vanishes entirely during the third larval instar where expression is confined exclusively to the optic neuroblasts present in the presumptive optic centers. Since we favor the 5.25 kb transcript, which is predominant during the first three hours of the tumor suppressive period, to be involved in tumor suppression, the observed l(3)mbti expression in the adult optic centers should be due to another l(3)mbP transcript.
The final proof whether the tumor suppressor function is associated with the expression of only one or a combination of alternatively spliced 1(3)mbt+ transcripts can be shown conclusively only in germ line transformation experiments with fragments corresponding to specific transcripts. The execution of these transformation experiments requires the exact knowledge of the alternative splicing pattern of the 1(3)mbt+ gene.
Understanding the 1(3)mbt+ temporal and cellular expression pattern will provide the basis for the analysis of the developmental functions of the individual transcript products and in particular of the product(s) involved in tumor suppression.
Experimental procedures
Fly strains -
Wild-type strain: Oregon R. -EMS induced brain tumor suppressor strains: the temperature-sensitive l(3)mbP' allele (Gateff, 1982) and the 1(3)mbtE2 allele (Loffler, 1988) .
showing a Pelement induced 29 kb deletion which includes the 1(3)mbt+ gene (Gateff et al., 1993) . -Transposon tagging strains: y w P-1acW (Bier et al. 1989 ) and w, SbA2-3/TM3 (Robertson et al., 1988 ). -Double balancer strain: w/w, TM3 Sb e Ser/TM6B Hu e Tb (Lindsley and Zimm, 1992) . Flies were reared on standard food at 25"C, except for the temperature-sensitive l(3)mbt"' strain (see above), which was either grown at the permissive temperature of 22°C where it showed normal development, or at the restrictive temperature of 29°C where the brain tumor phenotype becomes expressed.
P-1acW insertion mutagenesis
A P-1acW insertion mutagenesis for chromosome III was performed following the scheme of Bier et al. (1989) . Jumpstarter males, phenotypically characterized by Stubble bristles and white variegated eyes, were mass crossed with w/w, TM3flM6B balancer females (see above). Approximately 33 500 P-1acW mutagenized, balanced males were tested for complementation with Df(3R)mbtP (see above). The progeny of the mutant males, which failed to complement Df(3R)mbtP, were balanced and tested for complementation with the 1(3)mbt'"* allele at 29°C.
P-1acW excision mutagenesis
The P-1acW transposon in eleven insertional mutants, unable to complement Df(3R)mbtP, was excised by crossing the P-1acW carrying females with males from the P-strain w, SbA2-3/TM3, containing a functional transposase gene (Robertson et al., 1988) . From each stock between 300 and 500 excisions, identified by white eyes, were tested for complementation with l(3)mbt'"' at 29°C.
Southern blot analysis
Genomic DNA was isolated from adult flies (Sambrook et al., 1989) , digested with the restriction enzymes HindIII, SalI or BamHI, separated on an 0.7% agarose gel and transferred to a nylon membrane (Southern, 1975) . Genomic fragments derived from the chromosoma1 walk (Gateff et al., 1993) were radiolabeled according to Feinberg and Vogelstein (1983) using the random primed DNA labeling kit (Boehringer Mannheim). High stringency hybridization and washing conditions were employed according to Sambrook et al. (1989) .
RNA Isolation
Total RNA was extracted as described previously (Sass, 1990 ) from wild-type and homozygous l(3)mbt's' animals of different developmental stages (O-3 h; 3-6 h; 6-l 2 h; 12-24 h; Ll ; L2; L3; pupae; adult) and from homozygous L3 larvae deficient for approximately two thirds of the l(3)mbt gene. The first two embryonic stages were also analyzed besides the normal rearing temperature of 22°C at a temperature of 29°C. Poly(A)+ mRNA was isolated following the protocol provided by the Pharmacia mRNA purification kit.
Northern blot analysis
Poly(A)+ mRNA aliquots (3,~g) were separated on a 1% agaroseR% formaldehyde gel, stained with ethidium bromide and transferred to nylon membranes (Pall Biodyne A). After incubation for 2 h at 80°C the nylon membranes were hybridized with two [a-32P]CTP labeled single-stranded RNA probes encompassing the entire 1(3)mbt+ gene. The 4.3 kb BamHI-Sal1 and the 2.4 kb BamHI fragment (Fig. lB, asterisks) were transcribed in vitro with the help of the Riboprobe Gemini System (Promega). Hybridization was carried out at 68°C in 50% formamide buffer (Maniatis et al., 1982) . Blots were washed at 78°C in 2X SSC and 0.1 %X SDS.
Isolation of cDNAs
A cDNA phage library from O-3 h old embryos (Poole et al., 1985) , kindly provided by H. Jackie, was screened. Two genomic fragments, together spanning the entire 1(3)mbt+ gene region, were used as hybridization probes. The first probe is the 8.5 kb Sal1 fragment (compare Fig.  1B ) from the I-clone C.S 5.2 (Gateff et al., 1993) and the second probe represent the 5.0 kb Sail-HindIII fragment (compare Fig. 1B ) derived from the I-clone CS 2.4 (Gateff et al., 1993) . Both probes were labeled by random priming (Feinberg and Vogelstein, 1983 ; random primed DNA labeling kit, Boehringer Mannheim) and hybridized to the plaque lifts (Benton and Davis, 1977) under standard conditions (Sambrook et al., 1989) . A total of lo5 plaques were screened. Phage DNA was isolated after the method of Zabarovsky and Turina (1988) . In order to localize the isolated cDNAs they were hybridized to blots of restricted L-clones from the chromosomal walk (Gateff et al., 1993) . In addition about one million clones of a 4-8 h embryonic plasmid cDNA library (Brown and Kafatos, 1988) were screened, according to the method of Grunstein and Hogness (1975) , with a PstI 1.5 kb probe, derived from cDNA 14, isolated in the above screen (see Section 2).
DNA sequence analysis
Overlapping restriction fragments of the 1(3)mbt+ genomic region (except for the 5' end) and the cDNAs 14 and R2, were cloned into the pBluescriptI1 KS(+) vector (Stratagene) and sequenced on both strands by the dideoxy termination method (Sanger et al., 1977) . For sequencing the genomic 5.0 kb EcoRI-HindIII-fragment, containing the 5'-region of the 1(3)mbt+ gene, nested sets of deletions with exonuclease III (Sambrook et al., 1989) and Mung bean nuclease (Laskowski, 1980) were constructed. Sequencing was conducted from the pBluescript11 KS(+) reverse and universe primer. The ends of cDNA M3 were sequenced directly using the Sp6 and T7 plasmid primer. For automated sequence analysis (ABI, Model1 373A) the PRISMTM Ready Reaction Dye DeoxyTM Terminator Cycle Sequencing Kit (Applied Biosystems) was used.
Data base searches for nucleotide and amino acid sequence homologies were performed with the HUSAR using the BLAST network service (EMBL, Heidelberg). stop solution and heat denaturing, the extended products were separated on a 10% denaturing polyacrylamide gel. The dideoxynucleotide sequence reaction (Sanger, 1977 ) of the genomic 2.4 kb BamHI fragment (Fig lB, asterisks) primed with primer 2* was used as a marker. 4.9. Polymerase chain reaction 4.11. Construction of plasmid pHS85-6.8 for germ line transformation For PCR reactions 1 pg O-3 h Poly(A)+ mRNA, isolated as described above, was reverse transcribed according to the Gibco BRL protocol using an oligo dT primer [5'-CGTCTAGAGCGGCCGC(T),,-3'1 and reverse transcriptase (Gibco BRL). For completing the 5' gene sequence and verifying the overlapping region of cDNA 14 and cDNA R2, three PCR-reactions were performed with the following 6 primers, also shown in Fig. 6 : primer 1 = 5-GGTAGGATAACACAGGTATTG-3' (forward); primer 2 = 5'-CTGCGAT'ITTGATTAAGAG-3' (forward); primer 3 = S'CTAACGCCGGTGTGGAGTG-3' (forward); primer 4 = 5'-CGCCAGCTCCAGCGGAC-3' (reverse); primer 5 = 5'-CGTGTCCAACCATCCCAC-3' (forward); primer 6 = S'-GTACTCGCTCCAGCGGA-ATG-3' (reverse).
For DNA-mediated transfer a 6.8 kb genomic fragment was cloned into the P-element transformation vector pHS85 (Sass, 1990 ) which provides a constitutive source of antibiotic G418 resistance. The germ line transformation plasmid (Fig. 1C) was constructed by using standard procedures (Sambrook et al., 1989) .
The following four primer combinations were chosen: (i) primer 1 and primer 4; (ii) primer 2 and primer 4; (iii) primer 3 and primer 4; (iv) primer 5 and primer 6. For each PCR reaction we used both reverse transcribed poly(A)+ mRNA (see above) and as controls DNA from corresponding genomic fragments. DNA (50-200 ng) was dissolved in 40.5 ~1 H,O. After adding 5,ul 10X Taqbuffer (Pharmacia) and PCR-oil, the DNA was denaturated by incubation for 15 min at 95°C. For primer annealing 10 mM dNTP-mix, 300-500 ng primer and 2.5 U Taq-polymerase (Pharmacia) were added. The reaction mix was incubated 15 min at 72°C. PCRs were performed under conditions of 35 cycles denaturation at 95°C (40 s), annealing for 1 min at 54-56°C (depending on the primers), and extension at 72°C for 3 min followed by 20 min end-delay. The PCR products were sequenced from both sites as described above, using the PCR primers.
The plasmid pHS85-6.8 contains the 2.5 kb SafI-Sac11 fragment derived from the recombinant A-clone C.S 2.4 (Gateff et al., 1993 ) and the 4.3 kb BamHI-Sal1 fragment from the recombinant A-clone C.S 5.2 (Gateff et al., 1993) . The 2.5 kb S&I-Sac11 fragment was first cloned into the SalI-Sac11 sites of the P-element transformation vector pHS85 (Sass, 1990) . In a second step the 4.3 kb BamHI-Sal1 fragment was cloned into the above SalIApaI linearized construct. The BamHI and ApaI sites were ligated as filled in blunt sites.
P-element mediated germ line transformation
P-element mediated germ line transformation was performed according to the method of Rubin and Spradling (1982) . DNA derived from the germ line transformation plasmid (see above) and the helper plasmid pzc25.7A2-3 (Karess and Rubin, 1984) was purified on CsCl-EtBr equilibrium density gradients (Sambrook et al., 1989) . Plasmid DNA (800pg/ml) was coinjected with helper plasmid DNA (200 ,ug/ml) into homozygous l(3)mbt'"' embryos. Transgenic flies of the Fl generation were selected on unyeasted instant Drosophila food (Carolina Biological Supply), containing 0.8 mg/ml G418, by their capacity to survive. Thereafter, all transformant l(3)mbt'"' strains were reared at the restrictive temperature of 29°C and tested for developing of a brain tumor.
Primer extension
4.13. In situ localization of the l(3)mbt transcripts The 5' end of the 1(3)mbt+ gene was mapped by primer
In situ hybridizations to whole-mount wild-type Oreextension using a 19 bp synthetic primer (5' gon R and mutant embryos (O-6 h, 6-24 h) were per-CTCITAATCAAAATCGCAG-3'; Fig. 6 , primer 2*). formed according to the protocol of Tautz and Pfeifle Poly(A)+ RNA (3pg) purified from O-3 h embryos was (1989) . Second and third instar larvae were turned inside hybridized for 10 min at 70°C with 135 ng of primer 2* out according to Phillips et al. (1990) and hybridized as in a total volume of 15~1. The primer extension was above. Probes were labeled by incorporating digoxigeninstarted by adding 2.8~1 10X synthesis buffer (Gibco dUTP into in vitro synthesized single stranded anti-sense BRL), 2.8 ~1 dNTP (10 mM of each), 5 ~1 [a-32P]dCTP, RNA probes (Dig-RNA-labeling kit, Boehringer Mann-2.8 ~1 0. I M DTT, 1 ~1 reverse transcriptase (Gibco BRL; heim). The RNA probes derived from cDNA 14 and 200 U/pi) and incubated for 15 min at room temperature cDNA R2, which were cloned in the pBluescriptI1 KS(+) followed by 1 h incubation at 42°C. The reaction was vector. Monoclonal antibodies against digoxigenin coustopped by heating at 90°C for 5 min and chilling in icepled to alkaline phosphatase were used to detect the hywater followed by phenol-chloroform-isoamyl alcohol bridized probes. The alkaline phosphatase reaction was extraction and ethanol precipitation.
After adding 5~1 carried out using NBT and X-phosphate (Genius detec-tion kit, Boehringer Mannheim). Photographs were taken using Zeiss Axiograph optics. The embryos were staged according to Campos-Ortega and Hartenstein (1985) .
